The broad-scale, steering atmospheric circulation in the Northern Hemisphere, represented by the tropospheric circumpolar vortex (CPV), is an important driver of environmental processes. The area and circularity of the CPV are analyzed hereby delineating the leading edge of the CPV at the steepest 500-hPa geopotential height gradient globally. The daily CPV area and circularity were aggregated to monthly averages for contrast with measurements identified in previous research for the overlapping period of record . Accuracy of representation of the CPV is assessed through correlations to air-sea teleconnections known to be associated with broad-scale, extratropical steering circulation. Correlation to monthly teleconnection indices suggests that the new method allows for improvements in the calculation of area and circularity of the 500-hPa manifestation of the CPV. These improvements justify extension of the calculation of the standardized CPV area and circularity for the 1979-2017 period of record. Results largely mirror those for the shorter time series, with the Arctic Oscillation, North Atlantic Oscillation, and Pacific-North American teleconnection showing stronger links to CPV area and circularity than El Niño-Southern Oscillation and Pacific Decadal Oscillation. Collectively, these results suggest that the use of a singular indicator isohypse and/or monthly averaged data to represent the CPV may oversimplify analyses, especially for identifying past and future longwave ridges and troughs. This finding is important because the amplitudes and positions of the undulations in the broad-scale flow exert the most important impacts on variability at both low-and high-frequency time periods.
Plain Language Summary This study identifies the boundary of the popularly known "polar vortex" where cold air meets much warmer air aloft over the temperate zones of Earth, using an improved, data-intensive technique that automates and objectivizes the process of identifying the polar vortex, for the 1979-2017 period. The method offers advantages over the previous techniques, as the area and waviness of the polar vortex are shown to relate better to other atmospheric features, such as circulation associated with El Niño, than the area and waviness of the polar vortex as computed in previous research. An additional advantage of the new technique is that it uses a now-available daily data set, unlike the previous polar vortex studies that calculate the polar vortex based only on monthly mean data. This research is valuable because improved identification and definition of the size and shape of the polar vortex will contribute to greater understanding of its impacts.
Introduction-The Circumpolar Vortex
The broad-scale steering atmospheric circulation is one of the most important components of the Earthocean-atmosphere system. Through advection of air masses and storm systems, it transfers energy, matter, and momentum between the polar and tropical parts of the Earth, thereby contributing to the energy and water balances of the planet. Therefore, delineation of both short-term fluctuations and long-term changes in this circulation is important for understanding the changing distribution of energy, matter, and momentum, both through space and time.
This hemispheric-scale steering circulation is represented by the mid-tropospheric circumpolar vortex (TCPV). While distinct from the stratospheric CPV (Waugh et al., 2017) , the two TCPVs-one surrounding each pole-represent the extratropical circulation at a given time. These belts of strong quasi-west-to-east winds circumnavigate the north and south polar regions at 5-12 km in altitude. Each TCPV is situated at the steepest gradient of air temperature-at the boundary where polar air meets much warmer air at those heights. Daily changes in morphology of the TCPV represent altered distributions of energy, matter, and ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. momentum that comprise the variation in daily weather, such as that which produces the media-favorite "polar vortex" extreme temperature events.
RESEARCH ARTICLE
Although circulation within TCPVs generally involves west-to-east flow, it bends poleward at ridges and equatorward at troughs. These ridges and troughs vary in amplitude and propagate longitudinally over time.
During anomalously cold periods, the TCPVs expand equatorward, and during anomalously warm periods, they retreat poleward. At times, the TCPV is nearly circular and centered on the poles, while at other times the TCPV contains large departures from circularity and/or may be centered some distance away from the poles. Modeling research suggests that these meanders are expected to increase into the future (Peings & Magnusdottir, 2014) .
Areal extent of the Northern Hemisphere's TCPV (hereafter simply referred to as CPV) has been the focus of several studies over the last several decades relating to broad-scale atmospheric circulation variability. For example, Angell and Korshover (1977) noted that the 300-hPa-defined annual-averaged CPV expanded from 1970 to 1975, while the winter vortex simultaneously contracted. Davis and Benkovic (1994) noticed an expansion of the 500-hPa-defined CPV over the 1970s and 1980s, which substantiated their previous observations (Davis & Benkovic, 1992) of expansion from 1966 -1990 . Interestingly, Angell (2006 (Angell & Korshover, 1977; Diaz & Quayle, 1980; Kalnicky, 1974; Knox et al., 1988) , surface temperature anomalies (Angell, 1992 (Angell, , 1998 Angell & Korshover, 1977 , 1978 , 1985 Burnett, 1993; Burnett & McNicoll, 2000; Davis & Benkovic, 1992 , 1994 Frauenfeld & Davis, 2000 Markham, 1985; Rohli et al., 2005; Wrona & Rohli, 2007) , sunspot activity , and precipitation (Angell, 1992; Burnett, 1993) .
While some work (Thompson & Solomon, 2002) utilized vertical gradients of geopotential heights at a small number of radiosonde-based stations to index CPV behavior, most other studies described above represent the leading edge of the CPV by tracing a certain predetermined isohypse of geopotential height around the hemisphere. An important development in the definition of the CPV was the identification of a specific series of isohypses that define the center, poleward extreme, and equatorward extreme of the CPV, by month and vertical level (Frauenfeld & Davis, 2003) . Since that time, several studies (Ballinger et al., 2014; Rohli et al., 2005; Wrona & Rohli, 2007) have utilized the recommended isohypses from Frauenfeld and Davis (2003) .
CPV shape had only been analyzed in terms of the relative area within various quadrants about the pole (Angell, 1992 (Angell, , 1998 (Angell, , 2006 until Rohli et al. (2005) and Wrona and Rohli (2007) defined a circularity ratio (R c ) to characterize shape. More recently, by using an approach that identifies the length of the isohypse as an indicator of sinuosity, Vavrus et al. (2017) found that maximum waviness (i.e., meridional motion and enhanced probability of severe weather) occurs with weak flow in summer, and minimum waviness coincides with strong flow in winter.
Atmospheric Teleconnections and Hemispheric-Scale Flow
Regardless of the technique used to identify the CPV, the extent to which the CPV is an effective measure of circulation can be assessed by correlating the CPV area and R c against indices of ocean-atmospheric teleconnection patterns (Barnston & Livezey, 1987) that are known to be related to the hemispheric-scale flow. For example, the atmospheric component of the El Niño-Southern Oscillation (ENSO) phenomenon-the Southern Oscillation (SO; Bjerknes, 1969) has been shown to be related to variability in the CPV's position and intensity of the polar front jet stream in the Pacific Ocean (Strong & Davis, 2006) . El Niño events tend to be followed by shrinking of the CPV within the season (Frauenfeld & Davis, 2000) and with a three-season lag (Angell, 1992) , but the eastern Pacific sector of the CPV expands during the El Niño event (Angell, 1992) . Pacific variability at broader time scales, both inside and outside the tropics, is represented by the Pacific Decadal Oscillation (PDO; Newman et al., 2003) . Frauenfeld and Davis (2002) emphasized on the PDO as the dominant mode influencing sea surface temperature (SST) variability in the Pacific at various time scales, thus modulating the ocean-atmosphere interaction and CPV properties at various temporal scales. Budikova (2005) implied that the CPV's physical properties are influenced by the intervention of 10.1029/2019EA000590
Earth and Space Science various PDO phases that modify surface air temperature and impact winter temperature over much of the United States.
Among extratropical teleconnections, the Pacific-North American (PNA) pattern (Wallace & Gutzler, 1981) , Arctic Oscillation (AO; Thompson & Wallace, 1998) , and North Atlantic Oscillation (NAO; Lamb & Peppler, 1987) have all been shown to be related to the CPV. Burnett (1993) suggested that the increased frequency of the positive mode of the PNA pattern, with its amplified ridge-trough configuration over the North Pacific Ocean and western North American mountain cordillera, may have caused the temporal increase in CPV area from 1964 to about the mid-1980s. Angell (2006) noted that although the AO cannot serve as a proxy for the CPV, the AO index is negatively correlated with CPV area. Piao et al. (2018) found that the long-term contraction of the CPV may be related to the May patterns of NAO-influenced variability.
Problem
While previous research has been valuable in quantifying the mean monthly properties and long-term changes in the CPV, especially the CPV, over time, some shortcomings exist in its identification. Specifically, the use of a predetermined isohypse of atmospheric geopotential height (and therefore atmospheric pressure and mass) a priori to represent the CPV over the entire study period is a less-than-ideal approach because weather systems move based on relative rather than absolute spatial distributions of atmospheric geopotential height (and therefore pressure and mass). Because high/low pressure systems are only "high" or "low" relative to the air around them, the assumption that a particular isohypse, such as 5,640 m for all winter months (Frauenfeld & Davis, 2003) , represents the CPV's location invites caution, particularly on a daily time scale. At a minimum, days falling near the periphery of the month or season having a recommended isohypse would be represented by an increasingly inaccurate CPV. Furthermore, the previous work relied on the first-generation National Center for Atmospheric Research Reanalysis suite (Kalnay et al., 1996) ; use of the second-generation products (Kanamitsu et al., 2002) would allow improved spatial resolution from 5°to 2.5°with strengthened correlations to reanalysis data collected since 1979 (Saha et al., 2010) , which coincides with the Satellite Era.
The purpose of this research is to introduce a technique for identifying the CPVs more effectively, represented by the sharpest gradient of atmospheric mass at the 500-hPa level using geospatial techniques with appropriate smoothing algorithms to simulate the upper-level atmospheric flow. The effectiveness of this technique will be assessed through comparison of the relationship between CPV diagnostic properties and atmospheric teleconnection patterns that are known to influence hemispheric-scale flow. Calculated values will also be compared with those derived by Wrona and Rohli (2007) using monthly data and the isohypse recommended by Frauenfeld and Davis (2003) . The use of daily CPV data in this study makes it possible to address the question of appropriateness of the monthly mean CPV for the first time. After the approach is shown to be effective, the monthly time series is extended through 2017, and automated identification of the CPV can be performed in future work in identifying the daily mid-TCPV. Such use of the daily indices would allow for better understanding of the connection between changes to the steering flow and response in the form of the polar vortex and other abrupt changes of energy, matter, and momentum in the nearsurface atmosphere. If multiple parallels of latitude for a given meridian of longitude have the same gradient, the "pyramid" approach is employed to identify the CPV's extent. Specifically, if two latitudes along a meridian have the same sharpest gradient, then the midpoint between those latitudes is chosen; if three latitudes (A, B, and C) along a meridian have the same sharpest gradient, then the midpoint of AB and of BC is found, with the CPV demarcated at the midpoint of those two midpoints (Figure 1 ). If four or more points are tied, the procedure continues with the CPV demarcated at the midpoint of the midpoints of the midpoints, and so forth.
Data and Methods
To depict the CPV as accurately and precisely as possible, the polygons representing the daily CPV were smoothed. Jekeli (2005) explains that for geopotential modeling, three types of spherical spline are generally used: (1) splines formed from polynomial and trigonometric B-splines, (2) splines constructed from radial basis functions, and (3) spherical splines based on homogeneous Bernstein-Bézier polynomials. While first two splines have implication for modeling the Earth's geoid based on assembly of geographical coordinates and considering Earth as a spheroid, the Bernstein-Bézier polynomial splines method is most suitable for any sphere-like surface (Jekeli, 2005) and is most appropriate for representing the CPV. The Bézier curve equation can be represented as follows:
where B(t) is the function of parameter t on a scale 0 to 1, C represents the permutations, and combinations where n defines the degree of the Bézier curve (i.e., whether a Bézier curve is linear, cubic, quadratic, or higher orders), and P is the number of anchor and control points. The cubic Bézier curve is applied here to smooth the CPV boundary. Figure 2 presents an example of the unsmoothed polygon, with its Bézier curve and the 500-hPa isohypse, on 7 January 2014, a day with an unusually deep trough over much of central and eastern North America commonly described in the popular media as a polar vortex. The centroid of the smoothed polygon barely falls inside the unsmoothed polygon.
The calculated daily CPV also initially included unusual shapes for a small percentage of days. These CPVs presented computational challenges, including perforations (i.e., "donuts") of colder air surrounded spuriously by warmer air and proruptions (i.e., "snakes") of a narrow zone of colder air wrapped spuriously equatorward of warmer air and required further analysis. These donuts and snakes were identified, removed, and quality controlled, with the revised CPV demarcated by the leading edge of the perforation, which proved in test cases to represent the CPV most realistically when compared to the temperature and atmospheric teleconnection patterns.
Calculating CPV Area and Circularity Ratio (R c )
Once the daily 500-hPa CPVs were identified, diagnostics were calculated. To do this, the mapped polygon was projected into the Lambert's equal area (i.e., equivalent) map projection, and the area enclosed within the polygon was calculated. Lambert's projection has been found to be useful for areas that have near-equal north-south and east-west dimensions ( Robinson et al., 1984) , as is the case for the CPV. Then the mapped polygon was projected into the conformal (i.e., equal shape) polar stereographic projection to calculate the perimeter of the CPV. As in Rohli et al. (2005) and Wrona and Rohli (2007) , the "circularity ratio" (R c ), a measure of shape borrowed from fluvial geomorphology (Chorley et al., 1984) , was used to index circularity of the CPV and was calculated as
where A represents the area enclosed within the CPV and A c represents the area of the circle with the same perimeter as the CPV on that day. Thus, theoretically, R c can vary between 0 and 1, with R c being proportional to the circularity of the westerly flow in the CPV. Small values of R c suggest amplified and/or more numerous longwave ridges and troughs. Because O'Sullivan and Unwin (2003) recommended
comparisons of the methods were run, with the calculation that yields the most significant Pearson productmoment correlations to six common teleconnection indices being implemented in all subsequent analyses. The teleconnection indices used were the SO index (SOI; Bunge & Clarke, 2009; Können et al., 1998; Ropelewski & Jones, 1987) and Niño3.4 index (Bunge & Clarke, 2009; Ren & Jin, 2011) representing ENSO, along with indices representing the PNA pattern, AO, NAO, and PDO, the latter of which is only available at the monthly time scale. Teleconnection indices were downloaded from the sources listed in Table 1 . The process of computing area and the "best" R c was repeated for the 8,401 days between 1 January 1979 and 31 December 2001. Daily areas and R c were then statistically standardized (n = 23) for that day, so that the CPV properties could be compared across days, months, and seasons. For comparison with Wrona and Rohli (2007) , the daily-standardized area and R c were aggregated to monthly mean standardized area and R c .
Because Wrona and Rohli (2007) only analyzed monthly Pearson correlations for December, January, February, April, July, and October, only those months were used for comparison. Moreover, data for the July PNA index were unavailable, as the PNA pattern is not prominent in the summer months (Barnston & Livezey, 1987) . As in Wrona and Rohli (2007) , associations between the CPV properties (area and R c ) and regional-scale teleconnection indices are presumed to imply that the CPV ridges and troughs are forced by the relevant teleconnection. In reality, interactions exist between multiple teleconnections, including some that are not analyzed here, such as the West Pacific (Wallace & Gutzler, 1981) and tropical Northern Hemisphere (Mo & Livezey, 1986) patterns. While such influences would remain undetected in this analysis, it is highly likely that the major influence will be captured by at least one of the indices for the six teleconnections known to produce the largest variability in Northern Hemisphere flow.
Results and Discussion

Validation of the Approach
Results suggest that the new approach identifies stronger relationships to the teleconnection indices, compared to those reported for the same time period by Wrona and Rohli (2007) . Specifically, 12 (12) Wrona and Rohli (2007) , for the 6 months analyzed (Table 2 ). In general, the similarity of the magnitudes and signs correlations in the matrix (other than being stronger in the present study) between the present study and that of Wrona and Rohli (2007) corroborates the findings.
The AO has the strongest and most significant relationship to both CPV area and R c , with consistent results to those reported by Wrona and Rohli (2007) , as shown in Table 2 . Specifically, in each winter month, and also in April and July, the warm (cold) phase of the AO is linked to smaller and more circular (larger and less circular) CPV. This result supports the theoretical arguments of a smaller (larger) CPV when the midlatitudes are warmed (cooled), as is the case in a positive (negative) AO regime. The strengthened (weakened) midlatitude geopotential height gradient during a positive (negative) AO (Thompson et al., 2000) also induces a more (less) circular CPV, with the thermal conditions of the warm (cold) phase tending to shrink (expand) the CPV. Likewise, with its characteristic increase in zonality (meridionality), the positive (negative) phase of the NAO is linked to smaller (larger) and more (less) circular CPV but with fewer months displaying the significant relationship. Because the AO and NAO are related to each other (Marshall et al., 2001; Rogers & McHugh, 2002) , the similarity of the correlations between the NAO and CPV also corroborates the findings.
While no significant relationships to area were found, the PNA pattern also has a strong relationship to the CPV R c . As would be expected, amplification (deamplification) of the ridge-trough configuration is associated with significantly lower (higher) R c in each of the three winter months. The implication is that amplification of the Rossby wave train across a significant part of the hemisphere drives amplifications of adjacent Rossby ridge-trough configurations in response, while altering the net CPV area insignificantly. Another implication is that the smoothing algorithm introduced here performed well, because it preserved the relationship that is known with most certainty to exist; waviness (or lack thereof) in the PNA pattern should coincide with low (or high) R c . Furthermore, results again corroborate those of Wrona and Rohli (2007) , but the method used by the latter allowed only the core winter month of January to display statistically significant results.
As suggested in previous research (Angell, 1992; Frauenfeld & Davis, 2003) , ENSO also shows some relationship to the CPV area and R c , as identified in this research. Specifically, a larger (smaller) CPV occurs during the La Niña (El Niño) phase, with significant associations occurring in December and February (as defined by the SOI, which defines the El Niño phase as negative values) or February only (as defined by Niño3.4, 
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Earth and Space Science which represents the El Niño phase through positive SST anomalies). The implication is that the polar front is shifted anomalously southward (northward) by the presence of colder (warmer) than normal winters during La Niña (El Niño). Notably, the insignificant correlations in other months are often of opposite signs. Unlike the cases for AO, NAO, and PNA pattern, the ENSO relationships described here were undetected by Wrona and Rohli (2007) ; instead, they found a relationship only in July (Table 2) , but because of the known strength of ENSO associations in winter, our results here seem more plausible.
Finally, a negative relationship between the PDO and R c was observed but only in December (Table 2) . This result is reasonable, because the positive (negative), or warm (cold), phase of the PDO (which is characterized by a long-term (20-30 years) periodic oscillations in the tropical central and eastern Pacific Ocean) creates greater (lesser) undulation in the ridges and troughs of the CPV and thus decreases (increases) the NHTCPV's circularity (Newman et al., 2003) . Because of the long-term periodic nature of the PDO, this result should be interpreted with caution, as a 23-year study period may not represent the true nature of the PDO-induced variability. Moreover, this relationship was undetected by Wrona and Rohli (2007) , who instead found a (negative) relationship only in October.
Extension of the Time Series
With confidence in the approach established, the time series is extended to all 12 months of the January 1979 to December 2017 period. Many, but not all, of the patterns that emerge are similar to those of the shorter time series. The AO remains the teleconnection with the most direct correlation to the CPV. In 9 of the 12 months, a warm (cold) AO is linked to a smaller (larger) CPV (Table 3) . In contrast to the 1979-2001 period, this correlation is somewhat weaker in winter than the other months, with 2 of the 3 months lacking a significant relationship are January and February. The findings for R c also echo those for the shorter time series, as 10 of the 12 months show that warm (cold) AO is linked to a more (less) circular CPV. Interestingly, again January and February are the months in which this relationship is not significant.
The linkages to the NAO also largely echo the results from the 1979-2001 period and corroborate relationships between the NAO and AO (Table 3) . Four months (March, June, July, and October) have CPV areas with significant positive relationships to the NAO, and only 1 month (January) shows a significant negative correlation. Three of the months showing positive relationships to area (June, July, and October) also show a positive link between the NAO and R c . Thus, a positive (negative) NAO is associated with smaller (larger) and more (less) circular CPV, at least for June, July, and October.
While the PNA pattern showed no links to the CPV area in the shorter time series, expansion of the number of years of analysis causes the PNA pattern to display significantly positive relationships to area, in December, August, September, and November (Table 3) . While at first glance, this result might suggest a possible bias in the smoothing algorithm, in which adjacent troughs might have been connected instead of separated by a ridge, the absence of such a relationship in the shorter time series, along with the presence of significant negative relationships between the PNA index and R c in 11 of the 12 months, suggests that the smoothing algorithm succeeded.
Looking to the Pacific Ocean, as was the case for the shorter time series, the PDO displays few relationships to the CPV (Table 3) . Only November has a correlation with both area and R c , with a positive (negative) PDO coincident with larger (smaller) and less (more) circular CPV. March and April share this same PDO-R c relationship but display no significant link between PDO and area.
ENSO shows a weaker relationship to the CPV than occurred over the shorter time series. None of the relationships between CPV area and ENSO that appeared in the 1979-2001 period were evident over the 1979-2017 period (compare Tables 2 and 3 ). However, the relationships to R c are largely the same over the two time series, with only January displaying a significant link between ENSO, as defined by both the SOI and Niño3.4 indices. El Niño (La Niña) in January is associated with a less (more) circular CPV. September, which was not analyzed in the shorter time series analysis because it was not analyzed by Note. Correlations significant at α < 0.05 are shown in bold. AO = Arctic Oscillation; NAO = North Atlantic Oscillation; PNA = Pacific-North American; PDO = Pacific Decadal Oscillation; SOI = Southern Oscillation index.
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Earth and Space Science Wrona and Rohli (2007) , also shows some evidence of an ENSO link to R c but only when ENSO is defined by SOI and in the opposite direction as January; El Niño (La Niña) in September is associated with a more (less) circular CPV.
Summary and Conclusions
This research introduces an effective, objective method for identifying the TCPV. Results suggest that the area of the CPV as calculated here offers improvements over those of Wrona and Rohli (2007) as evidenced by significance of correlations to the major modes of hemispheric-scale variability in the form of both tropical and extratropical atmospheric teleconnections. The technique also improves the identification of circularity of the CPV substantially. Given the demonstrated improvement of this index, it was implemented for all 12 months of the period of available data .
The CPV is most closely linked to variability associated with the AO and NAO, followed by the PNA pattern, ENSO, and finally the PDO. These results, while not surprising, have implications for forecasting at seasonal time scales and beyond. Now that this technique has been validated by comparison to previous work at the monthly scale of analysis and the time series of the standardized CPV area and circularity has been updated, future research should investigate the practicality of delineating diurnal features of the CPV as identified herein.
The technique introduced here is a rich source of future studies of atmospheric circulation variability because it permits the consideration of multiple vertical levels, for continuous updating of the CPVs diagnostic features on a near-real-time basis. For example, such work will allow for identification of a signal of global climatic change in the upper-level flow. A warming planet should cause impacts that ripple through the troposphere. Lack of such a signal could either indicate impacts that do not resonate effectively or impacts that are yet to be felt through the troposphere. Furthermore, the technique allows future research on the identification for the identification of changes in the baroclinicity of the upper-level steering flow. Such changes could alter the vertical wind shear that would affect the development of midlatitude storm systems. The improved understanding of the drivers of such broad-scale flow could have important implications for protecting life and property.
Erratum
In the originally published version of this article, Figure 2 contained a minor typographical error. The figure has since been corrected, and this version may be considered the authoritative version of record.
